Trehalose-glycerol mixtures are known to be effective in the long time preservation of proteins. However, the microscopic mechanism of their effective preservation abilities remains unclear. In this article we present a molecular dynamics simulation study of the short time, less than 1 ns, dynamics of four trehalose-glycerol mixtures at temperatures below the glass transition temperature. We found that a mixture of 5% glycerol and 95% trehalose has the most suppressed short time dynamics ͑fast dynamics͒. This result agrees with the experimental analysis of the mean-square displacement of the hydrogen atoms, as measured via neutron scattering, and correlates with the experimentally observed enhancement of the stability of some enzymes at this particular concentration. Our microscopic analysis suggests that the formation of a robust intermolecular hydrogen bonding network is most effective at this concentration and is the main mechanism for the suppression of the fast dynamics.
I. INTRODUCTION
The ability of carbohydrate glasses to preserve biomolecules has been well documented for two decades now. [1] [2] [3] However, the molecular mechanisms that govern this phenomenon are not fully understood yet. Some researchers have attributed the protective effect of carbohydrates on freeze-dried proteins to their ability to form hydrogen bonds to the protein, thus serving as water substitutes. 2, 3 Other researchers have pointed out the importance of glass formation in the preservation capabilities of carbohydrate glasses. 4, 5 This is a consequence of the fact that protein stability often correlates with the glass transition temperature T g of the media that hosts the protein. 4, [6] [7] [8] Yet, there are reports that contradict with this argument. [9] [10] [11] One of the most promising carbohydrates is trehalose ͑␣-D-glucopyranosyl ␣-D-glucopyranoside͒, Fig. 1 . This sugar is found in many organisms that suffer dehydration stresses. Trehalose, with four hydroxyl sites in each ring, is capable of making hydrogen bonds with the polar and charged groups of proteins that are normally hydrated. This results in the creation of an environment that is similar, in terms of the local dynamics of the protein, to the one seen by the protein in aqueous solutions. 4, [12] [13] [14] [15] [16] On the other hand, Magazu and co-workers have suggested that the protective ability of trehalose on biological structures can be attributed to the fragile character of this glass former. 17 A small thermal excitation in fragile glasses leads to a reorganization in the structure while strong glasses show a resistance to structural changes. 18 They speculated that this sensitivity of trehalose to changes in temperature could enable the molecule to rearrange its conformation, mainly by rotation around the glycosidic oxygen, so that the molecule will form hydrogen bonds with the rough surface of the protein.
The growing recognition of the importance of trehalose in cryoprotection and lyoprotection of proteins motivated the experimental 19, 20 and computational [21] [22] [23] [24] study of many aspects of trehalose including its glass transition behavior, hydration, thermophysical properties, and conformational changes. In this area, molecular simulations are of significant value since they can contribute to the understanding of the molecular mechanisms that take place in biopreservation.
As stated previously, protein stability is often correlated with T g of the glassy host. 4, [6] [7] [8] However, Cicerone et al. 11, 25 have recently reported that the addition of a small amount of diluent reduces T g ͑i.e., reduces the viscosity͒ while improving the stability of the protein in the glassy host. Therefore, the work by Cicerone and co-workers contradicts the correlation between protein stability and T g of the glassy host, suggesting that the viscosity of the medium is not the only variable controlling protein stability. In addition, all the systems studied by this group were glassy. Thus, the physical origin of the improved stability of the biomolecule is dynamic in nature ͑slower denaturation͒ and not thermodynamic ͑increased stability of the folded state͒. Specifically, Cicerone and co-workers probed the stability of two enzymes ͑horseradish peroxide and yeast alcohol dehydrogenase͒ embedded in glycerol-trehalose glasses with various compositions by measuring the deactivation times of the enzymes at various temperatures. 11 The deactivation times showed a maximum at 5% glycerol concentration in the trehalose matrix. Later, Cicerone and Soles reported a neutron scattering study where they observed the suppression of the short time local dynamics at the same glycerol concentration suggesting that there is a correlation between the preservation of enzymes and the suppression of short time local dynamics. 25 This correlation between short time scale dynamics ͑suppression of the fast dynamics͒ and the long time scale dynamics ͑preservation of the enzymes͒ might be difficult to accept because of the large difference in time scales a͒ Author to whom correspondence should be addressed. Electronic mail: gac@uakron.edu ͑15 decades approximately͒. However, there are indications in the field of simple glass formers that suggest a connection between the slow and fast dynamics of glassy systems:
26 a stronger suppression of the fast dynamics correlates with a weaker temperature dependence of the viscosity ͑i.e., less fragile system͒. Based on the results of Ref. 11, the authors of Ref. 27 speculated that the fragility of the solvent is another important parameter for protein preservation. This speculation explains the earlier observation that sucrose provides better preservation than raffinose, despite its lower T g . Sucrose appears to be less fragile than raffinose.
The correlation between the preservation of enzymes and the suppression of short time local dynamics suggests two conclusions. First, an efficient formulation should suppress the local and short time dynamics of a protein which is a precursor to protein denaturation and, second, the dynamics of the protein follows the one of the solvent. The latter suggestion has been extensively studied and documented by Frauenfelder and co-workers. 28 In addition, the slaving of the protein dynamics has also been reported by Paciaroni et al. 29 and more recently by Caliskan et al. 27 who showed that in lysozyme-trehalose or glycerol solutions the protein dynamics follows that of the solvents. The findings by Cicerone and Soles 25 motivated us to investigate the same mixtures with the purpose of understanding the molecular origins of this unexpected behavior. Therefore, we investigated the short time dynamics of a few trehalose/glycerol mixtures at temperatures below T g using molecular dynamics simulations. We adopted the general amber force field ͑GAFF͒ ͑Ref. 30͒ developed for general organic molecules in a fully flexible all-atom model. The mean-square displacement ͗u 2 ͘ of the hydrogens in trehalose was found to change with the addition of glycerol and, moreover, has a minimum at 5% glycerol concentration, in good agreement with the experimental observations of Cicerone and Soles. 25 Furthermore, our study showed the formation of a more robust hydrogen bonded network at this particular concentration and, moreover, evidence that this enhancement of hydrogen bonding contributes to the suppression of the fast dynamics.
II. SIMULATION PROTOCOL
The AMBER molecular dynamics package 31 with GAFF ͑Ref. 30͒ was used in this study. The structures of trehalose, 32 Fig . 1 , and glycerol, 33 Fig . 2 , molecules in their crystalline states were optimized and their electrostatic potentials on atom surfaces were calculated using GAUSSIAN 03. 34 The Gaussian calculation was done using ͑ground state͒ Hartree-Fock method with 6-31G basis set. Point charges on the atomic nuclei were then fitted by restrained electrostatic potential ͑RESP͒. The simulation boxes were created using optimized structures of trehalose and glycerol molecules with glycerol compositions ͑by weight͒ glycerol = 0, 0.05, 0.10, 0.15, and 1. The resulting boxes contained 20 000 atoms approximately.
Rectangular parallelepiped periodic boundary conditions were used. Long-range electrostatic interactions were calculated using the particle-mesh Ewald method, while van der Waals ͑vdW͒ interactions were calculated using the 6-12 Lennard-Jones potential. The cutoff distance for nonbonded van der Walls interactions was set to 8 Å. However, in the case of electrostatic interactions this cutoff is used for the evaluation of Ewald's standard direct sum; corrections are taken into account via the reciprocal sum. The hydrogen bonds in this all-atom potential function are represented by a balance between electrostatic and van der Waals interactions. The equations of motion were integrated using the leap-frog Verlet algorithm with a step size of 1 fs. The simulation boxes were equilibrated in the N-V-T ensemble at 500 K for 100 ps followed by a 200 ps N-P-T simulation to reach the equilibrium density. In the N-P-T simulation the pressure was set to 0.1 MPa. Afterward, each box was annealed to 300 K at a cooling rate of 0.1 K / ps followed by equilibration in the N-P-T ensemble at 300 K for 1 ns. Similarly, for 250 and 200 K the simulation box was annealed to these temperatures at the same rate of 0.1 K / ps and equilibrated for 1 ns in the N-P-T ensemble. Data collection run in the N-P-T ensemble was performed for 1 ns and coordinate sets were saved for every 0.1 ps intervals for subsequent analysis. Constant temperature and pressure were satisfied by a weak coupling algorithm. 35 We estimated the glass transition temperature of pure trehalose and its mixtures by computing the density of the system at different temperatures. For these estimates, the simulation boxes consisted of 46 trehalose and the corresponding number of glycerol molecules to match the desired compositions. Consecutive N-P-T simulations after equilibration at 600 K were carried out. The simulation boxes were cooled at a rate of 0.2 K / ps between each consecutive temperature where data were collected for 200 ps keeping the temperature constant.
III. RESULTS
The first property of interest is the density of the pure components and their mixtures. The simulation value for the density of glycerol at 300 K is 1.25 g / cm 3 which agrees very well with the experimental value of 1.254 g / cm 3 . 36 For trehalose, the simulation yields 1.47 g / cm 3 , while the experimental value is 1.53 g / cm 3 . 37 An earlier simulation study by Conrad and de Pablo 24 has estimated the density of trehalose at 300 K to be 1.47 g / cm 3 , in good quantitative agreement with our estimate. Figure 3͑a͒ shows the density of the mixtures for various compositions at 300 K. The standard deviations of the density data are smaller than 1% in all cases. Since the error bars are of the same size of the symbols, they are not shown in the plot. From this figure it is clear that the addition of 5% ͑by weight͒ of glycerol to pure trehalose slightly increases the density of the system. Further addition of glycerol decreases the density of the mixture, as it is expected for a diluent. Therefore, the density of the mixture shows a nonmonotonic change with glycerol concentration. The same behavior was also observed at 200 and 250 K ͑not shown͒.
Another quantity of interest is ͗u 2 ͑͘t͒ which is defined as the mean-square displacement of the hydrogen atoms in trehalose at time t. For the purpose of illustration, we show ͗u 2 ͑͘t͒ for the case of pure trehalose in Fig. 4 . Similar curves were obtained for all the mixtures. The figure clearly shows a plateau for all the three temperatures studied. These plateaus last for different periods of time. For example, at 200 and 250 K the plateau lasts for 800 ps, whereas at 300 K ͗u 2 ͑͘t͒ starts to increase after 200 ps. Averaging ͗u 2 ͑͘t͒ over 1 ns ͑=͗u 2 ͒͘ gives the mean-square displacement which is plotted as a function of glycerol concentration at 300 K in Fig. 3͑b͒ . The stronger suppression of the dynamics at 5% glycerol concentration is clearly showed. ͗u 2 ͘ was used to characterize the short time dynamics of trehalose in the study by Cicerone and Soles. 25 The agreement between our calculations for ͗u 2 ͘ and the experimental ones, shown in Table I , is reasonable implying that our simulation study can provide accurate predictions for dynamic quantities. Also note that both experimental and simulation results for ͗u 2 ͘ show a minimum at glycerol = 0.05 for all three temperatures.
Another property of the system is its T g . We estimated T g using a method very similar to the one employed in Ref. 24 where the density is plotted as a function of temperature and T g is the temperature where the slope shows a discontinuity. the cases we studied, the values of T g obtained from simulations are significantly higher than the experimental ones ͑Table I͒. Also, our estimate of T g for pure trehalose is somewhat better than the one reported in Ref. 24 . This might be due to the gradual cooling between the temperatures where the measurements were done as opposed to starting the simulation at the next temperature from the last configuration at the previous temperature. It is worth observing the nonmonotonic dependence of T g on glycerol concentration displayed by our simulation study. This behavior disagrees with the experimental observations of Cicerone and Soles. 25 The physical origin of the different behaviors will be clarified in the following section using the concept of fragility.
The aforementioned results show that the 5% glycerol-95% trehalose mixture is the most dense system, the one with the highest T g ͑in our simulation study͒ and smallest mean-square displacement. All these observations could be rationalized if the attractive interactions between the atoms were the strongest ones for this particular system. In other words, this mixture should display the highest cohesive energy density. This line of reasoning led us to compute the van der Waals energy per atom for each of the mixtures. Figure  3͑c͒ shows the effect of glycerol concentration on the parameter ␣ at 300 K. ␣ is defined as ͑e vdW,0 − e vdW, ͒ / e vdW,0 ϫ 100 representing the percentile deviation of the vdW energies from that of pure trehalose, where e vdW,0 and e vdW, are the vdW energies per atom for pure trehalose and a trehalose-glycerol mixture with a concentration of glycerol equal to , respectively. For all the temperatures studied ͑200 and 250 K not shown here͒, the 5% glycerol-95% trehalose mixture has the most negative vdW energies. In other words, for this particular composition the attractive force between atoms is the strongest one. Knowing that hydrogen bonding is taken into account in the vdW term of the force field, one can speculate that this minimum in the vdW energy may be a consequence of a peculiar hydrogen bonding behavior of this highly hydrogen bonding capable mixture. We evaluated the hydrogen bonding behavior of the glyceroltrehalose system using the geometric criterion which is based on the distance between the donor and the acceptor oxygens, and the angle formed by the donor oxygen, the acceptor hydrogen, and the acceptor oxygen. 38 The cutoff distance between oxygen atoms was set to 3.4 Å which is about the location of the minimum after the first peak of the radial distribution function; the cutoff for the angle was set to 120°. The occupancy and the mean hydrogen bonding lifetime ͑ HB ͒ of the intermolecular hydrogen bonds were calculated over a 1 ns trajectory. The occupancy is defined as the average number of simulation steps during which a hydrogen bond existed where the averaging is done over all hydrogen bonds ͑i.e., we look at an individual atom pair, trace it to see how many times there is a formation of a hydrogen bonding interaction during the simulation, and then we average over all hydrogen bonding pairs of atoms͒; HB is the occupancy multiplied by the time step ͑0.1 ps͒ and divided by the number of times that the hydrogen bond is broken. The average results over all hydrogen bonds as function of composition and temperature were obtained after applying cutoffs for occupancy and HB . This was done with the purpose of removing the effects of those hydrogen bonds that form and break very quickly, thus not affecting the dynamics significantly. Explicitly, the averages were computed using those hydrogen bonds that live longer than 1 ps and form more than 3% of the production run. The hydrogen bonds were classified with respect to the pairs of molecules that form the bond ͑Table II͒. It is important to observe that the 5% glycerol-95% trehalose mixture always has the longest lifetimes and highest occupancies. Figures 3͑d͒ and 3͑e͒ show the lifetimes and occupancies of hydrogen bonds as a function of glycerol concentration at 300 K. Note that the changes in these quan- 3 ͒ as a function of temperature ͑in K͒ for the 5% glycerol-95% trehalose mixture. tities are significant. We also investigated the occurrence of intramolecular hydrogen bonding in trehalose molecules and a similar trend was observed.
The formation of intramolecular hydrogen bonds has important implications for the conformation of trehalose. Indeed, it has been reported that trehalose can fold onto a protein and substitute water molecules during drying by rearranging its conformation. 17 The conformation of trehalose is determined by the glycosidic dihedral angles: and Ј ͑Fig. 1͒. Figure 6 shows the values of these two dihedral angles averaged over all the trehalose molecules present in the simulation box for each of the 10 000 snapshots taken during the 1 ns molecular dynamics ͑MD͒ trajectory for each mixture. Each point showed in Fig. 6 has an error of 20°͑not shown͒. The collection of the average values of these two dihedral angles for the mixtures appears to deviate from the values found in the crystalline state by a few degrees only. Likewise, the conformations of trehalose in the different mixtures are very similar. It is apparent that the addition of glycerol into the trehalose matrix does not have a significant effect on the conformation of the molecules. In addition, Fig.  6 indicates that the conformation of trehalose at temperatures below T g is almost locked around a minimum that is close to its conformation in the crystalline state.
IV. DISCUSSION
Our study predicts a nonmonotonic dependence of T g on glycerol concentration. The addition of glycerol increases the value of T g initially, while further addition of glycerol decreases T g ͑Table I͒. However, the experimental ͑calorimet-ric͒ T g decreases monotonically with increasing glycerol concentration. 25 The origin of this apparent discrepancy is in the different time scales involved in calorimetric measurements ͑100 s approximately͒ and current molecular dynamics simulations ͑typical cooling rates are of the order of a Kelvin degree per picosecond͒. Consequently, regardless of how slow the cooling rate in the simulation is, it will always be substantially faster than the ones currently achievable in real experimental studies. Thus, the estimate for T g arising from a simulation will always be higher than the experimental one.
The different values of T g for the times scales mentioned in the previous paragraph led us to study the fragility of the mixtures. For this purpose, we employ the ratio 32.2R / ͓1 − T g ͑100 s͒ / T g ͑10 −12 s͔͒ which is an approximate estimate of the fragility of the system defined as the ratio between the activation energy ⌬E and T g ; R is the ideal gas constant ͑in kJ/ mol K͒ and T g ͑100 s͒ / T g ͑10 −12 s͒ is the ratio of the experimental to the simulation T g . This estimate is derived from the standard definition of fragility F ͑Ref. 26͒
where we approximate the derivative by finite differences as follows: indicates the values of these dihedral angles for pure trehalose in the crystalline state. The inset shows the same data plotted over whole space of dihedral angles. The dotted line is the diagonal line.
Observe that our estimate for the fragility will always be lower than the experimental value. Large values indicate more fragile glasses while smaller numbers imply stronger glasses. The results for the fragilities are 1.88, 1.17, 1.42, 1.19, and 0.81 kJ/ mol K for pure trehalose, 5% glycerol-95% trehalose mixture, 10% glycerol-90% trehalose mixture, 15% glycerol-85% trehalose mixture, and pure glycerol glasses, respectively. The literature values for the fragility of glycerol and trehalose are 1.11 kJ/ mol K ͑Ref. 26͒ and 3.15 kJ/ mol K, 39 respectively. These experimental results imply that our estimates and the experimental values of the fragility are in reasonable qualitative agreement. The first conclusion arising from the values of the fragility is that glycerol is a stronger glass former than trehalose, which is known to be a fragile glass. 17 Moreover, the addition of only 5% glycerol to trehalose decreases its fragility significantly. Beyond this point, fragility first increases and then decreases with the further addition of glycerol. Clearly, glycerol changes the fragility of the sugar in a nonmonotonic manner. Sokolov et al. 26 have shown that fast conformational fluctuations at temperatures below T g are more suppressed in strong glasses than in fragile glasses. Thus, the fast dynamics of trehalose is more suppressed at 5% glycerol concentration than for pure trehalose which agrees with our analysis of ͗u 2 ͘ presented below. Based on these ideas, Caliskan et al. 27 speculated that the stronger solvents may provide better preservation. Our simulation studies on glycerol-trehalose mixtures support this idea; stronger glasses may provide a better suppression of the fast dynamics in proteins.
The suppression of the fast dynamics is clearly observed in ͗u 2 ͘. A quantitative comparison of ͗u 2 ͘ at different compositions exhibits a minimum at 5% glycerol concentration for all the three temperatures ͓Table I and Fig. 3͑b͔͒ indicating that the dynamics of trehalose is suppressed by the addition of a small amount of glycerol. The decrease of ͗u 2 ͘ predicted by our simulations is not as pronounced as the one observed experimentally. However, the experimentally observed trend in glycerol-trehalose mixtures is definitely captured by our simulations. The quantitative differences between the experimental and simulation results for the 5% glycerol-95% trehalose mixture can have many origins. In our view, one of the main reasons is the equilibration time accessible to MD simulations which is substantially shorter than the experimental one. Considering that the simulations of all the mixtures are performed below T g , it is highly probable that the simulation boxes may be further away from their thermodynamic equilibrium states than the actual samples. Another possible reason was discussed in Ref. 25 where the authors mentioned that for fully hydrogenated glasses, as is the case of our simulation, the magnitude of the maximum suppression at 5% glycerol concentration is slightly less than the one they measured using deuterated glycerol.
The initial increase in density with the addition of glycerol suggests that the strength of the attractive interactions is changed. This increase in the attractive interactions should also make the motion of the atoms more difficult, thus suppressing the fast dynamics. We studied the interactions present in our simulation and found that for the mixture made of 5% glycerol-95% trehalose the attractions between atoms are the strongest. We determined that the origin of this enhancement was due to a change in the hydrogen bonding network of the system which appears in the average lifetime of the hydrogen bonds HB and the occupancy ͓Table II and Figs. 3͑d͒ and 3͑e͔͒. When all hydrogen bonds are considered both HB and occupancy reach a maximum at 5% glycerol concentration. The same trend holds for the hydrogen bonds formed between trehalose molecules and, between trehalose and glycerol molecules. This result shows that at 5% glycerol concentration hydrogen bond formation is relatively more frequent than for the other compositions and, moreover, the average lifetime is longer. Consequently, the molecular origin of the stronger attractions between atoms for the 5% glycerol-95% trehalose mixture is the existence of a more robust hydrogen bonding network. We explored the correlation between the suppression of the dynamics and the formation of hydrogen bonds by studying the case of glycerol = 0.05 and comparing ͗u 2 ͘ of all trehalose molecules with ͗u 2 ͘ for those trehalose molecules that form the longest living hydrogen bonds and have the highest occupancy ͑Fig. 7͒. We found that at 200 K the ͗u 2 ͘ obtained for all trehalose molecules and for those forming long-living hydrogen bonds were 0.036 Å 2 and 0.031 Å 2 , respectively. Similar results were obtained at 250 and 300 K. This result shows a direct correlation between hydrogen bonding and ͗u 2 ͘, while it supports the idea that the enhanced hydrogen bonding observed at 5% glycerol concentration is the cause of suppression of the short time dynamics.
We also studied the existence of intramolecular hydrogen bonds in trehalose molecules. Our study showed that the occurrence of intramolecular hydrogen bonds is very rare when compared to the formation of intermolecular hydrogen bonds and their lifetimes are two orders of magnitude shorter. Therefore, the effects of intramolecular hydrogen bonding on the dynamics of the system are not expected to be significant.
Another property of interest is the conformation of trehalose. It has been proposed 19 that the fragile nature of trehalose might enable these molecules to change their conformations relatively easily and form hydrogen bonds with the rough surfaces of proteins by replacing water molecules. However, our MD simulations showed no significant change in the average conformations of trehalose molecules with respect to the one in the crystalline state.
Although our simulation study suggests that the molecular origin of the suppression of the fast dynamics is the formation of a robust hydrogen bonding network, it does not specify how glycerol is improving the hydrogen bonding capabilities of trehalose and why the optimum glycerol concentration is 5%. In order to clarify this point, we have calculated several radial distribution functions between different groups of oxygen atoms in trehalose and all the oxygen atoms in glycerol at different temperatures. We only show the most relevant results for a temperature of 200 K but similar conclusions were obtained for 250 and 300 K. First, it was observed that the glycosidic oxygen ͑O1͒ does not form hydrogen bonds with glycerol, as expected due to steric hindrance. The radial distribution function involving oxygens O10 and O11 is showed in Fig. 8͑a͒ . This plot shows a peak around 3 Å for all compositions indicating that O10 and O11 do form hydrogen bonds with glycerol and that this contribution is not negligible. The number of these bonds is smaller than for the hydroxyl groups due to steric hindrance, as we discuss below. However, their effects on the fast dynamics should be significant because if a hydrogen bond is formed, it is likely that the other hydroxyl groups in glycerol will form a hydrogen bond with the other ring. Such glycerol bridges, which were observed in our simulations as shown in Fig. 9͑a͒ , would constrain the motion of the whole trehalose molecule, thus suppressing its dynamics. Figure 8͑a͒ also shows other peaks at distances close to 6 Å which suggest the presence of glycerol close to the edges of the rings. Figure 8͑b͒ shows the radial distribution function for the oxygens in the hydroxyl groups of trehalose and all the oxygens in glycerol. The peaks present at a distance close to 3 Å clearly show that glycerol is concentrated mainly around the hydroxyl groups at a distance where the formation of hydrogen bonds is possible. We can envision various possible scenarios. First, glycerol might be forming two or three hydrogen bonds with the hydroxyl groups on one of the rings restraining the motion of those hydrogen atoms. In addition, it would also reduce the motion of the whole ring because it increases its bulkiness, thus suppressing the dynamics of all the hydrogens in that ring as illustrated in the snapshot showed in Fig. 9͑b͒ . Second, neighboring trehalose molecules might be better correlated by hydrogen bonds formed through glycerol bridges than by hydrogen bonds between the hydroxyl groups in the rings. This scenario can be rationalized by the fact that glycerol could form hydrogen bonds with two hydroxyl groups on one trehalose molecule and one on another trehalose molecule as shown by the snapshot depicted in Fig. 9͑c͒ . Clearly, the simultaneous formation of three hydrogen bonds would lead to a stronger correlation between the molecules which, in turn, should suppress their dynamics. The above scenarios, which were exemplified by the instances taken from the simulations, may explain how glycerol enhances the hydrogen bonding capability of trehalose. 
V. CONCLUSIONS
Cicerone and co-workers have recently suggested a correlation between the preservation of enzymes in glassy hosts and the suppression of the short time local dynamics of the glass. In particular they reported that the addition of glycerol to a glassy trehalose matrix enhances the stability of the enzymes while reducing the glass transition temperature of the host and suppressing the dynamics of the trehalose molecules. In this article we have shown that the molecular origins of this complex behavior can be found in the hydrogen bonding network of the glassy host. Indeed, the initial addition of glycerol to the trehalose matrix forms a robust hydrogen bonding network characterized by higher occupancies and longer lifetimes. Further addition of glycerol leads to a situation where the liquid nature of glycerol starts to control the physical properties of the mixture and, consequently, the hydrogen bonding network becomes weaker. Analysis of the data also showed that glycerol has a tendency to form hydrogen bonds with the hydroxyl groups of trehalose. This leads to the suppression of the dynamics of trehalose. In summary, our study has shown that the stronger hydrogen bonding network that occurs at 5% glycerol concentration has important implications in many equilibrium and dynamic properties such as density, glass transition temperature, fragility, and atomic mean-square displacement.
